INTRODUCTION
The Bcl-2 protein family plays a central role in the intrinsic pathways of apoptosis (Petros et al., 2004; Youle and Strasser, 2008) . This family is composed of two complementary groups of proteins: the proapoptotic group induces cell death, which is comprised of BAX, BAK, and BOK, each containing three Bcl-2 homology (BH) domains, whereas the antiapoptotic group inhibits cell death. The other subclass of proapoptotic proteins is the BH3-only proteins such as Bim, which acts as a modulator of the multidomain proteins in this family. BAX and BAK are generally believed to be responsible for mitochondrial outer membrane permeabilization (MOMP) initiating the release of caspase activators such as cytochrome c, which is a key step in the events leading to the eventual destruction of a cell (Czabotar et al., 2009; Rodrigues et al., 2003; Walensky and Gavathiotis, 2011) . In healthy cells, BAX is located predominantly in cytosol, away from the mitochondrial membranes where BAK is located. Upon receipt of apoptotic signaling, BAX undergoes a series of conformational changes and oligomerization, eventually becoming a membrane-associated complex, causing the BAXinduced MOMP process. This is supported by a great deal of published work (Antonsson et al., 2001; Petros et al., 2004; Suzuki et al., 2000; Valentijn et al., 2008) . However, the mechanism utilized by BAX still remains elusive, largely because BAX participates in the apoptotic signaling pathway as a cytosolic monomer, oligomer, and membrane-associated complex. This variety of BAX types poses a formidable challenge to any biophysical tool. The structure of inactive BAX monomer has been determined by nuclear magnetic resonance (NMR) spectroscopy (Suzuki et al., 2000) , but little is known about the conformational differences of BAX before and after the apoptotic activation. The crystal structure of full-length BAX has yet to be determined. Even though the crystal structural model of dimeric C terminus-truncated BAX was recently reported , it provided limited information on the activation mechanism. Some key aspects regarding the activation mechanism of BAX are not fully understood, making it difficult to develop an effective approach to mediate apoptosis.
Advanced electron spin resonance (ESR) techniques (Borbat and Freed, 2007; Huang et al., 2011; Jeschke, 2012) , including continuous-wave (cw) ESR and double electron-electron resonance (DEER), were used to reveal molecular details of the activation mechanisms of BAX. ESR with spin-labeling techniques has been established as a powerful tool for determining protein structure and topology. Briefly, a nitroxide side chain (designated R1) is attached covalently to a cysteine introduced on a protein through site-specific mutagenesis. As a result, information on local environment and dynamics can be conveniently obtained by studying the ESR spectrum of R1, without a limitation in molecular size, sample types, and morphologies. Moreover, interspin distances can also be derived from the spectrum to provide information on structure, flexibility, and conformational heterogeneity of a protein (Airola et al., 2013; Georgieva et al., 2013) .
Here, we describe a BAX activation pathway that has never been reported. Full-length BAX was used throughout this study. This study shows, by the ESR techniques, that an inactive BAX monomer actually exists in equilibrium between two distinct conformations. BimBH3 peptide, which binds to BAX at a specific binding site (Gavathiotis et al., 2008) , was previously demonstrated to be an effective activator in the triggering of apoptosis in vitro and in vivo (Gavathiotis et al., 2010; Okamoto et al., 2013; Walensky et al., 2006) . Utilizing a similar BimBH3 peptide as an apoptotic stimulus, we show that the two different conformations of BAX proceed with conformational selection pathways upon binding with the BimBH3, thereby resulting in two different products: oligomeric BAX and BimBH3-bound monomeric BAX.
The kinetics of the activation mechanism is revealed by timeresolved ESR. Mitochondrial cytochrome c release assays were performed to validate the findings. This study not only identifies the existence of two distinct forms of an inactive BAX but also reveals insights into the conformation-dependent mechanisms by which BAX initiates the mitochondria-mediated apoptosis, thereby establishing between the functional state of BAX and its conformational state.
RESULTS

Both Monomeric and Oligomeric BAX Exist after Apoptotic Stimuli
BimBH3 peptide (see Figure 1A and Experimental Procedures) can be used as an apoptotic stimulus to directly trigger the activation of BAX (Gavathiotis et al., 2008) . BimBH3 was added to a solution containing inactive BAX monomers at a ratio of 1:4 BAX:BimBH3, and the solution was incubated overnight at room temperature to maximize the effect of apoptotic stimuli. Figure 1A shows the size-exclusion chromatography (SEC) result for WT BAX after overnight incubation with BimBH3. BAX was found to exist in both monomeric and oligomeric (21 and 440 kDa, approximately) states (black in Figure 1A ). The monomeric fractions would not oligomerize even they were collected and reactivated with more excess BimBH3 overnight (see blue trace in Figure 1A ), verifying the high stability of the end products. To explore whether the added BimBH3 is bound to BAX, another experiment was conducted in which BimBH3 was spin labeled, i.e., BimBH3-R1 ( Figure 1A) , and used to activate WT BAX, followed by SEC analysis. The SEC-eluted See also Figure S1 .
fractions of the monomeric and the oligomeric WT BAX were collected to have the same protein concentration prior to sending for cw-ESR measurements ( Figure 1B ). Both the protein concentration and the number of ESR scans were identical in the two ESR measurements. While difference between the two spectra was largely due to the difference in molecular size, neither of the two spectra are in any way similar to the spectrum of a freely tumbling BimBH3-R1 (3.113 kDa) characterized by three sharp peaks. The presence of a strong magnitude of ESR signals ( Figure 1B) shows that (1) BimBH3-R1 is bound to WT BAX in both the monomeric and oligomeric states, (2) the two products are stable, and (3) the reactions are irreversible. The double-integration areas of the two spectra are of the same order of magnitude. Specifically, ratios of BAX: bound BimBH3-R1 are 1.0 ± 0.2 and 1.9 ± 0.4 for the activated monomer and oligomer, respectively. To further examine ligand specificity, a substitution mutation of opposite charge (K21E) around the reported binding site (Gavathiotis et al., 2008) was prepared. In this case ( Figure S1 available online), point mutagenesis largely abolished the ability of BimBH3-R1 to both bind to monomeric BAX and induce oligomerization, demonstrating that the same binding site on BAX is responsible for the formation of the two end products. Our results indicate that there exist two stable end products after the reaction with BimBH3, both of which are ligand-bound forms. Therefore, the proposed reaction mechanism ( Figure 1C ) for the activation of BAX by BimBH3 is as follows. In the absence of the apoptotic stimuli, BAX is a conformationally heterogeneous protein, which exists in equilibrium between two forms of ligand-unbound monomer, denoted by UM and UM 0 . Upon the engagement of BimBH3 at the same binding site, UM and UM 0 are transformed into a ligand-bound monomer (BM) and a ligand-bound oligomer (O), respectively (i.e., the two reaction products separated in the SEC analysis). Experimental demonstrations for the proposed mechanism are given below.
Oligomeric BAX Exists in Abundance after
Apoptotic Stimuli A time-course collection of cw-ESR spectra for WT BAX-R1 upon the addition of equimolar amount of BimBH3 at 300 K was obtained ( Figure 1D ). Of note, WT BAX carries two endogenous cysteine residues and is denoted by WT BAX-R1 (or, equivalently, 62/126-R1) as spin labeled (see Experimental Procedures for details). For a clear presentation, the spectra are displayed to have the same height in the central peak. The spectrum of the Initial (indicated in Figure 1D ) corresponds to a collection at 5 min after adding BimBH3. The duration of the time-course observation was over 10 hr, collecting 800 spectra. The cw-ESR spectra were observed to vary considerably and smoothly over time and become steady after approximately 8 hr of the collection. The spectra of the Initial and the Final are substantially different. This measurement demonstrates that the reaction of BimBH3 with WT BAX-R1 occurred in a time scale of hours. The magnitude of the central ESR peak versus incubation time is plotted by the blue data points (Figure 1E) , together with an exponential fit (broken red line) to the data. The mean lifetime of the data was found to be 121.9 min. Figure 1F shows normalized spectra of several studies, including a simulation fit, and the spectra for the BM and the O states of WT BAX-R1 recorded in other independent experiments. The spectrum of WT BAX-R1 in the BM state displays a distinctly sharper line shape as compared with that of the O state. This is a reasonable result because BM BAX is a monomer and thus would tumble faster in solution than an oligomer. Most importantly, it shows that the spectrum of the Final could be fit very well by a linear combination of the two normalized spectra corresponding to the BM and the O states of WT BAX-R1, at a ratio of 21:79, respectively. This finding indicates that by the end of the activation reaction, BAX existed more predominantly in the O state, which is consistent with the result of Figure 1A (performed in absence of spin labels). Therefore, we also demonstrate that the disturbance due to the introduction of spin labels to the protein is insignificant to the activation of BAX.
Time Course Observation of the Coexisting Components during the Activation
A comparison between the cw-ESR spectra of WT BAX-R1 in various states is given below ( Figure 1G ). The spectra are aligned and displayed to have the same height in the central peak. The spectra of the three species (i.e., Initial, O, and BM) that likely exist during the reaction are distinctly different from each other ( Figure 1G ). Of note, the spectrum Initial, which corresponds to a collection of the WT BAX-R1 spectrum 5 min after the addition of BimBH3, is consistent with the spectrum of WT BAX-R1 without BimBH3. Four of the important characteristic peaks of the Final are denoted by broken lines (i.e., p 1 À p 4 in Figure 1G ). Clearly, the spectrum Final reflects a composite of the spectra O and BM as the presence of the two spectra can readily be recognized by the peaks p 1 , p 2 , and p 4 (for the O) and p 3 (for the BM).
The spectrum Initial appears to be insignificant in the spectrum Final. The time-course ESR spectra (i.e., those shown in Figure 1D) were least-square fit with the three spectral components (O, BM, and Initial) to determine the spectral composition in each of the collected spectra. All of the time-course ESR spectra collected were fit very well with the three spectral components ( Figure S1D ). This analysis yielded a population plot for the three components as a function of incubation time ( Figure 1H ). The population of the O showed an increase from 0% to approximately 80% over the course of the reaction, while the population of the BM reached to 20% around 150 min after adding BimBH3 and remained within the range of 20%-30% thereafter. Meanwhile, the Initial component was unambiguously identified to be abundant before the mean lifetime of the overall reaction (121.9 min) and was observed to be less than 2%, after incubation time was greater than 300 min, and absent in the end. The derived lifetime values are 96.5, 125.3, and 63.4 min for the Initial, O, and BM, respectively. The lifetime values of the overall and the O productions are close, indicating that the conversion to the O state is the rate-determining step. Collectively, the analyses show that upon adding BimBH3, the Initial component remained unchanged at first (approximately 5 min) and decreased in population monotonically over time, with an increase in the populations of the two products (BM and O). In view of the observation, it leads to a suggestion that the Initial is representative of a reactant ensemble, which is composed of both UM and UM 0 , and the two products (BM and O) are confirmed to be the major products in the course of the reaction.
Inactive BAX Is a Conformationally Heterogeneous Monomer
To probe the structural conformations of BAX, six sites that cover the vast majority of the entire BAX were selected for spin labeling study ( Figure 2A ). Criteria for the selection of the spin labeling sites are described in Experimental Procedures. DEER experiments were carried out at 50 K to measure intramolecular distances between spin labels of several doubly labeled BAX mutants (in absence of apoptotic stimuli) as indicated in Figure 2B , where the plots shown on the left and right are the time-domain experimental data and the analyzed distance distributions P(r), respectively. The P(r) results were extracted from the time-domain data using Tikhonov method (Chiang et al., 2005a) . The samples were shock frozen in liquid nitrogen before the DEER measurements (see Experimental Procedures). Interestingly, we generally found that there were at least two peaks in the P(r), suggesting two major populations of conformationally different monomeric BAX. To verify the results of Tikhonov analysis, the obtained P(r) was used to generate simulated timedomain data shown by blue lines on the left of Figure 2B . The simulated time-domain data fit very well to the experimental data (gray lines). Moreover, we carried out some numerical studies ( Figure S2 ) to verify the obtained P(r) results and its heterogeneity. Overall, the DEER results demonstrated that inactive BAX monomer is a conformationally heterogeneous protein.
The average distances hP(r)i DEER and the position of individual peaks (r pk ) in the P(r) of Figure 2B are summarized as Table 1 . Table 1 also shows C b -C b distances, derived from the known NMR structure (Protein Data Bank [PDB] code 1F16) (Suzuki et al., 2000) , within the indicated BAX mutants, and the plausible interspin distances hP(r)i MtsslWizard (i.e., the average distances between spin labels as attached to the NMR-determined structure) estimated using the MtsslWizard program (Hagelueken et al., 2012 ) (see Experimental Procedures). The hP(r)i MtsslWizard results are similar to one of the peaks (Table 1) See also Figure S2 .
Structure
Conformational Selection Pathways of BAX Protein present study (designated as UM), whereas the heterogeneity in the BAX conformation has never been reported. Inactive BAX is, therefore, demonstrated to exist in two distinct populations of conformations (i.e., UM and UM 0 ). Assuming that the helical segments are rigid and the linker regions are flexible between the UM and the UM 0 states, we construct their corresponding structural conformations (Figure 2C ) based on the obtained DEER results (Table 1) , using the MtsslWizard program (see Experimental Procedures). The structure of the UM is similar to the NMR-determined structure (i.e., the UM distances versus the values of hP(r)i MtsslWizard in Table 1 ). The UM 0 is clearly dissimilar to the UM in structure. The segment spanning helices 5 and 6 shows some distinct differences, while helix 9 exhibits an even larger difference between the two states. Figure S4 shows the UM WT BAX-R1 and a comparison of the UM 0 and NMR-determined structures. Another important finding ( Figure 2D ) derived from the DEER results is that the local environment of 62R1 (which belongs to the BH3 domain containing residues 59À73) changes substantially from the UM to the UM 0 conformations; specifically, its local mobility becomes relatively higher in the UM 0 because helix 8 is more distant away from the BH3 domain. This change would in turn facilitate the BH3 domain to be more accessible for interactions with substrates. The locations of helix 8 in the UM and the UM 0 states were rigorously determined by DEER triangulation consisting of three distance constraints between 62R1, 126R1, and 164R1 (Figure 2A ). Therefore, a marked difference in the local environment of BH3 domain between the UM and the UM 0 states is clearly identified. These summarize the major conformational differences between the two inactive states.
A Plausible Conformation of the Bound Monomeric BAX Some BimBH3-bound monomeric BAX (i.e., BM) variants carrying spin labels were prepared for distance measurements by DEER. Of note, after the apoptotic stimuli, the mutants 126/ 164 and 126/191 were primarily oligomeric in the elution of SEC analysis and thus were not available for the study of the BM state ( Figure S5 shows time-resolved ESR study of the activation of 126/164-R1.) The DEER results are plotted in Figure 3A , where the time-domain experimental data are shown on the left (gray) and the P(r) results are on the right. In the time-domain DEER data, blue lines represent the simulated data using the obtained P(r) results. The experimental data could be fit satisfactorily to the simulations. There is a large broadening in both the P(r) results of the 62/191-R1 and 4/62-R1 studies due to the fact that the sites 4 and 191 correspond to the highly mobile N-and C-terminal regions, respectively. They were found to remain mobile in both the native and the BM states. The rest of the P(r) results (Figure 3A) are generally characterized by a single dominant distribution, suggesting a more homogeneous conformation for the BM BAX (see Table 1 for average distances). The positions of the dominant peak are 2.77, 2.40, and 3.53 nm for the 72/126-R1, 62/164-R1, and 62/126-R1, respectively, showing some small but marked deviations from the structure of the UM, whereas large differences are observed between the BM and the UM 0 . Cw-ESR results ( Figure S3C ) support the above observation that the BM and UM conformations are not largely different. Based on the DEER results, a comparison of the structures of the BM (orange) and UM (green) states was derived with the aid of the MtsslWizard (Figure 3B ), excluding the shorter distance peak in the P(r) of 62/191-R1. Notably, the local difference of the BH3 domain between the UM and the BM states is clearly less than that between the UM and the UM 0 states ( Figure 3C ). As the BM is only slightly different from the UM in conformation, the BM is likely to be the downstream product to the activation of the UM while the UM 0 is assumed to behave upstream of the O state formation.
Additionally, we note the following. Taken all results presented thus far, perhaps the most solid finding is the demonstration of the conformational multiplicity of BAX, in particularly the conformational heterogeneity of WT BAX and the existence of the two end products. An additional experiment verifying the equilibrium between the UM and the UM 0 states for WT BAX is shown as Figure S5 . More details about the selections of the spin labeling sites are given in Experimental Procedures.
BAX-Induced Cytochrome c Release Activity
The apoptotic activity of BAX has been attributed to its capacity to induce MOMP, releasing apoptogenic factors such as cytochrome c. To conform that the SEC-based detections of the BimBH3-induced BM and O complexes reflect functional See also Figure S4 . activation of BAX for its release activity, we performed mitochondrial permeability assay to determine the level of released cytochrome c. Unless indicated, all BAX used in the experiments ( Figure 4) were WT BAX. The result shows that (Figure 4 ) both the native (N) and BM BAX are of a similarly low cytochrome c release efficiency, suggesting that they are mostly inactive and cytosolic, thereby playing an insignificant role in inducing MOMP. Interestingly, BAX 126/164 (in absence of BimBH3) was found to release cytochrome c with slightly greater efficiency. The highest efficiency to promote the release of cytochrome c was observed with the BAX oligomers, which is known to effectively permeabilize the outer mitochondrial membranes. The same trend of the release activity could be observed if performed with spin-labeled BAX variants. The result provides a clear delineation of the functional activity of the various BAX states.
DISCUSSION
The oligomerization of BAX was thought to be a straightforward process: upon receipt of apoptotic stimuli, monomeric BAX was induced to form oligomers, leading to the MOMP event. Nevertheless, when this process was performed, we found that this was not the case. There always remained a small but noticeable amount of monomeric BAX (i.e., BM) that was easily detected in the SEC analysis. Even when the BM was collected and reactivated overnight with another dose of the BimBH3, oligomerization would not occur. It suggests that in native BAX, there would be a population of BAX monomers that cannot be activated to form oligomers by any means; there exists more than one state in native BAX. Two stable products (O and BM) were identified and shown to possess the capability to bind with BimBH3. The study of point mutagenesis of opposite charge ( Figure S1 ) confirmed that the engagement of BAX with BimBH3 occurs at the previously reported unique binding site (Gavathiotis et al., 2008) . Further investigations of the BAX variants by DEER showed that inactive BAX could generally exist in two populations of conformation (i.e., UM and UM 0 ). The P(r) results were further verified by a series of model calculations ( Figure S2 ) to confirm the conformational heterogeneity. Collectively, this study shows that the two products must result from two inactive states of BAX through the conformational selection pathways.
The reaction for the BAX activation by BimBH3 was slow enough for the changes in the populations of the reactants/products to be observed in the time-resolved ESR experiments (Figure 1) . The connections between every state of BAX were carefully verified in this study. In most of the BAX variants studied, after the treatment of the apoptotic stimuli, BAX largely populated in the O state. The amount of BM was found to be less than 20% of total reactant BAX. The time-course variations for the populations of the coexisting species (i.e., the reactant ensemble, and the two products O and BM) were unambiguously determined for WT BAX, demonstrating the coexistence of the three species throughout the activation process. However, in the study of BimBH3-activated 126/164, hardly any monomeric BAX was found after SEC; the end product was mostly oligomeric. This finding indicated that the relative populations of the two end products could be altered by point mutations. Our finding is consistent with the reported in vivo experiments (Arokium et al., 2007; Czabotar et al., 2011; Er et al., 2007; Nechushtan et al., 1999 ) that the proapoptotic activity of BAX could be enhanced, or inhibited, by point mutations, whereas the See also Figure S3 .
Structure
Conformational Selection Pathways of BAX Protein molecular basis of the functional change has not been much discussed until the present study revealing the conformational multiplicity of native BAX. Another similar result was reported previously (Bouvignies et al., 2011) showing that a small number of mutations on a T4 lysozyme protein could shift the relative populations of protein conformations, thereby changing the activity of the protein. Several studies suggested that each unique conformer, observed in different mutations, can, in turn, potentially carry out a different function (Di Nardo et al., 2004; Tokuriki and Tawfik, 2009; Walden et al., 2006) . Considering all of the evidence presented, the conformational heterogeneity of BAX, which could be observed in all of the inactive BAX variants studied, was confirmed to be an intrinsic feature of BAX. Furthermore, this study has demonstrated the existence of two reaction products (BM and O) and two reactants (UM and UM 0 ) in the BAX-induced MOMP process. The product selectivity seen in the reactions can therefore be reasonably explained by the proposed conformational selection mechanism.
BAX Activation Can Be Understood by a Population-Shift Model
The present study was not able to quantitatively determine the relative population between the UM and the UM 0 states above room temperatures. Because of the large line-width broadening (due to unresolved protons and local heterogeneity of spins) in the cw-ESR spectra, an unambiguous discrimination between the spectral components of the UM and UM 0 states was not possible with standard cw-ESR technique. However, the results appear promising to draw the following conclusion. Our results (Figures 4 and S3) suggest that BAX 126/164 populates mostly the UM 0 state and little the UM state, hence limiting the activation pathway from the UM to the BM. It is noteworthy that this population gain in the UM 0 (as compared with the study of WT BAX) for 126/164 was observed (Figure 4) to be effective to facilitate the release of cytochrome c from mitochondria. This observation indicates that UM 0 BAX is more potent than UM BAX for promoting its interaction with mitochondria outer membrane. Hence, UM 0 is unlikely an abundant state for native BAX. This observation that BAX populates largely the UM state above room temperatures is also supported by the fact that our UM conformation is consistent with the reported NMR-derived structure determined above room temperatures (Suzuki et al., 2000) . Upon the addition of BimBH3, it tends to interact with UM 0 BAX more likely than with UM BAX. On binding with BimBH3, the dominant population of BAX shifts from UM to UM 0 , thereby making the BAX oligomer the major product in response to BimBH3 in all of the studies. The UM 0 state is clearly demonstrated to exist as an on-pathway intermediate between the UM and the O. Previous studies (Bleicken et al., 2010; Czabotar et al., 2013) indicated that the engagement of two BH3 domains is necessary for the formation of BAX oligomers, in accordance with the finding of the present study ( Figure 2D ) that BH3 domain of UM 0 BAX is more readily accessible to available substrates, facilitating the formation of oligomers. The activation mechanism of BAX is, therefore, best explained by the population-shift (wherein a conformational selection mechanism also occurs) model of allostery ( Figure 5 ) (Boehr et al., 2009; James and Tawfik, 2003; Okazaki and Takada, 2008 ) (see also Figure S6 for the UM state carrying spin labels at the six studied sites and the full-length sequence of BAX). The function/properties of BAX were found to be determined by the distribution of its conformational states. The identification of this mechanism of BAX broadens the paradigm for Bcl-2 family interactions and how the function of BAX can be modulated by redistribution of conformational substates. An important implication is that this mechanism provides valuable insight into therapeutic strategies to mediate apoptosis.
EXPERIMENTAL PROCEDURES Materials and Sample Preparation
Unless specified otherwise, all chemicals used in this study were from SigmaAldrich. Methanethiosulfonate spin label (MTSSL; 1-oxy-2,2,5,5-tetramethyl-3-pyrroline-3-methyl) (Alexis Biochemicals) was used for spin labeling study. The BimBH3 peptide variants (see Figure 1A for sequences) were custom synthesized by Genomics BioSci & Tech with purity greater than 95%. Peptides were further purified by reverse-phase high-performance liquid chromatography. The spin-labeled BimBH3 is denoted by BimBH3-R1 ( Figure 1A ). Of note, the BimBH3 used in this study is different in length from the previously reported BimBH3 (Gavathiotis et al., 2010; Walensky et al., 2006 ) that has weak binding affinity to BAX. Full-length BAX and variants were prepared as we previously described (Kuo et al., 2013) . The typical yield (>95% purity) of 0.15 mg/l culture could reproducibly be obtained for WT BAX. For mutant variants, the typical yield (>95% purity) was 0.15 to 0.05 mg/l. WT BAX carries two endogenous cysteine residues at sites 62 and 126; it is denoted by WT BAX-R1 or 62/126-R1 if the two cysteine sites are conjugated with the MTSSL probe to form two R1 side chains. Proteins/peptides were labeled with a 10-fold excess 
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Cytochrome c release from mitochondria on incubation of BAX variants as a function of the incubation time. Inactive WT BAX monomer is denoted by N. BAX in the O state is most potent for the release activity. The intensity is normalized to 100% efficiency for the result of O. The estimation of errors is based on three independent measurements. The data were quantified using ImageJ. See also Figure S5 . of the MTSSL label per cysteine residue for overnight (>12 hr) in the dark at 4 C. To remove free radicals, the spin-labeled BAX or peptide solution was dialyzed against four changes of buffer A (20 mM sodium phosphate [pH 8.0], 100 mM NaCl) over 1-3 hr and final change of buffer over 24 hr. The volume of the buffer is about 1,000 times of the protein solution. Matrix-assisted laser desorption/ionization-time flight experiments were conducted to confirm the identity of the peptides/proteins carrying the spin labels.
Selection of Spin-Labeling Sites on BAX
For spin-labeling study, recombinant BAX variants (72/126, 62/164, 126/164, 4/ 62, 126/191, and 62/191) were prepared using a QuikChange mutagenesis kit (Stratagene) to bear only two cysteine residues at the indicated sites; equivalently, they are respectively S72C/C62A, C126A/Y164C, C62A/Y164C, S4C/ C126A, C62A/M191C, and C126A/M191C. There is no disulfide bond between the two endogenous cysteine sites. The selection criteria of the mutation sites were to minimize the number of point mutations to WT BAX while the corresponding helices of the mutation sites cover the vast majority of the BAX conformation (Figures 2A and S6) . Based on the combination of the six selected sites (4, 62, 72, 126, 164, 191) for DEER study, more than two sets of triangulation distances were measured to confirm the conformational multiplicity of inactive BAX. The mutation sites on the terminal regions (e.g., 4R1) were selected to probe the flexibility before and after the apoptotic activation. Besides, the spin-labeled sites were carefully selected to avoid the possible interference of the R1 side chains on the engagement of BimBH3 with BAX. Therefore, residues along helices 4, 6, and 7 (i.e., the three gray helices in Figure 2A) , which are directly facing or in close vicinity to the binding interface (see also Figure S1A ) between BAX and BimBH3, were not mutated for spin labeling.
Activation of BAX by BimBH3 BAX monomer was activated by incubating it with a 4-fold molar concentration of BimBH3 peptide at room temperature overnight (>12 hr). Two products (i.e., O and BM) were found after the activation reaction. Both of the two products were ligand-bound forms (compare Figure 1) . The end products of O and BM were separated with SEC using a HiLoad 16/60 Superdex 75 column (GE Healthcare). The chromatogram demonstrated monomeric peaks at $70 ml and oligomeric peaks at $50 ml. The end products were very stable over time (days), and the ratio of O/BM eluted from SEC was independent of BAX concentration (within a range of [BAX], 0.002-0.5 mM). After the DEER measurements, SEC was performed again to confirm that the sample would only be detected in the monomeric fractions if it is a sample of BAX monomers.
Mitochondria Isolation and Cytochrome c Release Assays
Mouse liver tissue (0.2 mg) was ground using a douce homogenizer with 10À15 strokes, and the mitochondria were separated using centrifugation according to Mitochondria Isolation Kit (Thermo Scientific). The mitochondria were then washed with Mitochondria Assay Buffer (MAB) (200 mM mannitol, 68 mM sucrose, 10 mM HEPES, 3 M KCl, 1 mM EDTA, 0.1% bovine serum albumin, protease inhibitor) and centrifuged at 12,000 3 g, and the supernatant was removed. The final pellet was resuspended using enough MAB to yield final mitochondria concentration of 3 mg/ml. The final mitochondria fraction was placed on ice for further downstream processing. For the cytochrome c release assay, 49 ml of the mitochondria fraction were added to1 ml of 5 mM BAX and incubated at 37 C for the desired time. The sample was then centrifuged at 12,000 3 g for 3 min separating the supernatant and pellets fractions. The supernatant was subjected to subsequent immunoblotting with mouse anticytochrome c antibodies. Quantification of immunoblots was done using ImageJ (v.1.47, NIH).
Pulsed/Cw-ESR Experiments, MtsslWizard, and Data Analysis
Approximately, 40 ml solution volume, containing 30% (v/v) d 8 -glycerol as cryoprotectant, was added into quartz ESR tube. All buffer in the DEER experiments was deuterated. The concentration of BAX in the ESR measurements was approximately 0.2-0.5 mM. A Bruker ELEXSYS E580-400 cw/pulsed spectrometer, with a dielectric resonator (ER4118X-MD5W) and a helium gas flow system (4118CF and 4112HV), was used. Cw-ESR experiment was performed at an operating frequency of 9.4 GHz and 1.5 mW incident microwave power. The swept magnetic range was 200 Gauss. ESR probehead was precooled to a desired temperature prior to the transfer of the ESR sample tube into the cavity. Equilibrium time was 20 min for each temperature variation. For the time-resolved ESR experiments, samples containing WT BAX-R1:BimBH3 1:1 (or BAX:BimBH3-R1 1:1) were prepared. Spectra were recorded at a time interval of less than 50 s with a magnetic width of 100 G, 1,024 points, and two scans. DEER experiments were carried out using the typical four-pulse constanttime DEER sequence as previously described (Huang et al., 2011; Pannier et al., 2000) . The detection pulses were set to 32 and 16 ns for p and p/2 pulses, respectively, and pump frequency was set to approximately 70 MHz lower than the detection pulse frequency. The pulse amplitudes were chosen to optimize the refocused echo. The p/2 pulse was employed with +x/Àx phase cycle to eliminate receiver offsets. The durations of pumping pulse was about 32 ns, and its frequency was coupled into the microwave bridge by a commercially available setup (E580-400U) from Bruker. All pulses were amplified via a pulsed traveling wave tube amplifier (E580-1030). The field was adjusted such that the pump pulse is applied to the maximum of the nitroxide spectrum, where it selects the central m I = 0 transition of Azz together with the m I = ±1 transitions. A common cooling approach was used. The sample tube was plunge cooled in liquid nitrogen and then transferred into the ESR probehead, which was precooled to 50 K using the helium flow system. The procedure was generally employed to kinetically trap the structural properties of a protein in a room-temperature state, although the population of the conformations could inevitably be disturbed somewhat by temperature change (Georgieva et al., 2012) . The structural effect of the low temperature is generally believed to sharpen the atomic displacement distributions without significantly displacing the mean atomic positions, but the relative population between the coexisting conformers may be disturbed. Therefore, we think that the observed relative populations of UM/UM 0 for the DEER results are unlikely the same as that in a room-temperature state and should only be considered to be an important indication for structural heterogeneity. The accumulation time for each set of data was 12-24 hr at 50 K. See also Figure S6 .
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The determination of interspin distance distribution of the DEER data was performed in the time-domain analysis by Tikhonov regularization based on the L-curve method (Chiang et al., 2005a (Chiang et al., , 2005b . The resulting distances were checked against modeled distances for spin label rotamers attached to the protein structure (PDB: 1F16). The modeled distances were obtained using the program MtsslWizard (Hagelueken et al., 2012) , which operates as a plugin of the PyMol. MtsslWizard searches for ensembles of possible MTSSL rotamers that do not clash with a static model of the protein. This program has been evaluated in a number of challenging studies and demonstrated that it is useful to predict experimental data rather well. The benefits of the program are its accuracy and simplicity. There are 20 NMR models in 1F16. All structural models of this study started from model 3 because it was determined to be the most representative model using the Olderado program (see footnotes in Table 1 ). Some assumptions were made to determine the newly discovered BM and UM 0 conformations. Briefly, we assumed that (1) the helical segments were rigid, (2) the linker regions were flexible, and (3) the structures should be as similar as possible to the NMR derived structure UM. As narrated in text ( Figure 2B ), all of the peaks in the P(r) results were satisfactorily assigned to either UM or UM 0 conformations using the three criteria. For the reconstruction of the BM conformation, peaks of relatively lower population were excluded because they resulted in structures that did not appear to be possible. In every activation experiment, BM was less than 20% of purified inactive BAX. It is necessary to increase the yield of the BAX expression and purification before proceeding with getting more distance constraints for the detailed structural determination of BM. (Fig. 1g) . Incubation time of the displayed spectra is indicated in the plot. A good quality of fits to the experimental spectra was achieved, thereby making it possible to observe how the populations of the coexisting components change with incubation time (cf . Fig. 1h) . To further confirm the necessity of the three components, we re-fitted the spectra using only the Initial and the O spectra. The RMSD values were found to increase by 20% ~ 40% (except for the first few spectra collected right after the incubation). The overall RMSD increases by 34%. The peak in the lowest magnetic field becomes poorly fit by the linear combination of the initial and the O spectra. This demonstrates that the BM is absolutely necessary. Tikhonov analysis is shown in blue. Plots in red are simulated P(r) generated by removing one of the two populations from the P(r) in blue. (c) Simulated time-domain data using the P(r) of blue and red in b. The data in blue fit very well to the experimental data (in grey), whereas the data in red do not. This indicates that the removed population in the P(r), albeit relatively small as compared to the dominant population, is important in the results. Therefore, it rules out the possibility that the heterogeneity in the P(r) is due to ghost peaks that occur due to the nature of the ill-posed problem in the determination of P(r). The observed heterogeneity in the conformation is an intrinsic feature for the inactive BAX monomers. Initial (126/164-R1) corresponds to an ESR measurement recorded at 5 min (approximately) after adding an equimolar amount of BimBH3, and its lineshape is similar to the spectrum recorded before the addition of BimBH3. The spectrum Final (126/164-R1) corresponds to an observation after incubation time is greater than 400 min. The spectra were observed to change continuously, with a decreasing intensity in the central ESR line, over incubation time. state. Specifically, N is the representative reactant ensemble mentioned in the text. To improve the clarity of the plot, the spectra are slightly y-axis shifted. It clearly shows that there are some small but significant differences between the spectra of the two states, suggesting some differences in the local environment.
7 Figure S4 , related to Table 1 . Ribbon models of wtBAX. (a) A ribbon model of wtBAX carrying two R1 side-chains. It was generated using the previously determined NMR structure (PDB: 1f16) with the MtsslWizard program. The simulation shows that the local environment of 62R1 is highly restricted, whereas the local environment of 126R1 allows a large degree of freedom in the R1 side chain. The resultant average distance of the MtsslWizard calculations is in accordance with one (i.e., the UM) of the two distinct distances identified in the P(r) result for wtBAX-R1 (cf. Table 1 shows that the point mutation (Y164A) caused some distinct changes to the relative populations of UM/UM′ (located at 2.98 and 3.57 nm, respectively, in the wtBAX-R1) but little changes to the peak positions. This result has important implications. It indicates that the site 164 plays an important role in stabilizing the equilibrium between the UM and the UM′ states in native BAX.
Once a point mutation is introduced to the site 164, the relative population of the UM/UM′ is changed accordingly, promoting a distinct increase in the population of UM′ and thereby the population of O (Fig. S3) . The UM and UM′ states do exist in equilibrium in native BAX. From the P(r) results whose peaks barely change between the two studies, we also conclude that the point mutation at 164 causes insignificant changes to the structure and conformation of BAX.
The possibility that a point mutation on BAX would cause a substantial change to BAX conformations and, consequently, the apoptotic activity is, therefore, ruled out. 
